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ABSTRACT
Centromeres of fission yeast are arranged with a
central core DNA sequence flanked by repeated
sequences. The centromere-associated histone H3
variantCnp1(SpCENP-A)bindsexclusivelytocentral
core DNA, while the heterochromatin proteins and
cohesins bind the surrounding outer repeats. CHD
(chromo-helicase/ATPase DNA binding) chromatin
remodeling factors were recently shown to affect
chromatin assembly in vitro. Here, we report that
the CHD protein Hrp1 plays a key role at fission
yeast centromeres. The hrp1D mutant disrupts silen-
cing of the outer repeats and central core regions of
the centromere and displays chromosome segrega-
tion defects characteristic for dysfunction of both
regions. Importantly, Hrp1 is required to maintain
high levels of Cnp1 and low levels of histone H3 and
H4 acetylation at the central core region. Hrp1 inter-
acts directly with the centromere in early S-phase
when centromeres are replicated, suggesting that
Hrp1 playsadirectroleinchromatinassemblyduring
DNA replication.
INTRODUCTION
Precise segregation of chromosomes during cell division is a
fundamental and essential process for cell and organism viab-
ility. A successful transmission of genetic information to
daughter cells is dependent on functional centromeres and
kinetochores. Schizosaccharomyces pombe centromeres con-
sist of 40–100 kb of repetitive DNA divided into the central
core of the centromere (cnt/cc) and the ﬂanking outer repet-
itive regions (otr) (1,2). These two regions form structurally
and functionally distinct regions of the centromere (3,4). The
heterochromatin protein 1 homolog, Swi6 in S.pombe together
with Chp1, has been shown to be associated with the outer
repeats but are excluded from the central core, whereas Mis6
and the H3 variant Cnp1 binds exclusively to the central core
region (5–7). Mutations in genes that are important for the
function of the central core and outer repeat of the centromere
display distinct phenotypes, indicating functional differences
between the domains. Mutants affecting the central core of the
centromere, such as cnp1, mis6, mis12, mis14-18, mal2, nuf2
and ams2, typically display chromosome loss due to loss of
bidirectionality likely caused by defective kinetochore-
microtubuli attachments (6,8–12). In contrast, mutants defect-
ive in heterochromatin assembly in the ﬂanking regions, such
as rik1, swi6, clr4, csp1-12 and mutants in the RNAi-directed
chromatin pathway, display a characteristic lagging chromo-
some phenotype, indicative of sister–centromere cohesion
defects (13–18).
The centromere-speciﬁc histone H3 variant CENP-A is an
essential and highly conserved protein, which is present in
chromatin of inner centromere structures in all eukaryotes
(6,19–21). CENP-A has been shown to be required for initial
assembly of the kinetochore (22). Recently, three different
protein complexes were shown to be required for proper
Cnp1 localization to the central core region in S.pombe (9).
Mis12 and Mis14 form one complex, Mis16 and Mis18
another and the third complex consist of Mis6, Mis15 and
Mis17. In addition to these, the GATA-like factor Ams2
(12) and the coiled-oil protein Sim4 (23) are also required
for Cnp1 localization.
Post-translational modiﬁcations of histones are also import-
ant in centromere function and structure. Studies in both
S.pombe and human cells show that histone deacetylase
(HDAC) activity is necessary for proper centromere function
(24,25). If HDACs are inhibited by Trichostatin A (TSA), the
elevated acetylation levels in the outer repeat region cause
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methyltransferaseactivityis required inthe outer repeat region
to dimethylate histone H3 at lysine 9 (H3K9me2), thereby
creating a binding site for Swi6 (26). Loss of H3K9me2 or
Swi6 leads to loss of cohesin from the outer repeat region,
which causes sister–centromere cohesion defects (16). Inter-
estingly, high histone acetylation levels in the central core
region correlate with loss of Cnp1 in mis16 and mis18 mutants,
and Mis16 shows high similarity to the HDAC-associated
protein RbAp48 (9).
Chromatin remodeling factors generally have a core
ATPase/helicase domain and then additional domains, such
as chromodomains [CHD (chromo-helicase/ATPase DNA
binding)/Mi2 family] SANT domain (ISWI family) bromo-
domain (SWI/SNF family). These are ATP-dependent
enzymes that can alter nucleosome position or structure and
are involved in a broad range of cellular processes, such as
DNA replication, repair, recombination, transcriptional regu-
lation, elongation and termination (27,28). The SWI/SNF
family member RSC of budding yeast and the human
SNF-B chromatin-remodeling complex have previously been
implicated in centromere and kinetochore function (29–31).
Human ISWI (SNF2h) and budding yeast RSC have also been
shown to be directly involved in establishing sister–chromatid
cohesion along chromosome arms (32,33). However, RSC
complexes are not needed for loading CENP-A (Cse4) to
centromeres inbudding yeast (31). The CHD, or Mi2 complex,
has previously been copuriﬁed together with HDACs and
the histone binding co-repressors RbAp46/48 in human and
Xenopus, where the chromatin remodeling factors were sug-
gested to facilitate histone deacetylationof chromatin(34–36).
The human CHD/Mi2 complex co-localizes with Ikaros
and the HP1 homolog M31 at centromeric heterochromatin
(37,38), so although it remains to be demonstrated it is poss-
ible that Mi2 is required for centromere function. We have
previously reported that the CHD/Mi2 family member
Hrp1 (helicase-related protein in S.pombe) has a function in
chromosome segregation (39). Overexpression and deletion
of hrp1 resulted in chromosome segregation defects. Another
ﬁssion yeast CHD family member, Hrp3, was shown to
be directly required for silencing of the mating-type region
mat2/3 but not at centromeres (40). In this paper, we invest-
igate the role of Hrp1 in ﬁssion yeast centromere assembly and
centromere function.
MATERIALS AND METHODS
S.pombe strains and media
The genotypes for the strains used in this study are listed in
Table 1. Media and genetic techniques were prepared accord-
ing to the standard procedures (41). G418 (Gibco) was used at
a concentration of 200 mg/l. TSA (Sigma) was dissolved in
dimethyl sulfoxide (DMSO) and used at 12.5–200 nM in the
TSA growth assay and 100 nM was used in the lagging chro-
mosome study. Thiabendazole (TBZ) (Sigma) was added from
a stock solution containing 20 g/l TBZ dissolved in DMSO to a
ﬁnal concentration of 15 mg/ml in YEA plates. Low adenine
indicator plates were supplemented with 7.5 mg/l of adenine.
50-ﬂuoroorotic acid (FOA) (US Biologicals) was used at a ﬁnal
concentration of 1.0 g/l. Endogenous epitope-tagged hrp1-HA
and hrp1-myc gene fusions were constructed using a PCR-
based approach, where endogenous genes were epitope-tagged
after transformation and homologous recombination described
in (42).
Immunofluorescence (IF), cell synchronization and
fluorescence in situ hybridization (FISH)
The IF studies were performed as described previously (43)
with some modiﬁcations. S.pombe cellswere grown up to mid-
log phase in YES media with or without 100 mg/l TSA. Cells
walls were digested in PEMS with 1 mg/ml Zymolyase 100T
(ICN Biomedicals) for 90 min at 37 C. We used the mouse
a-tubulin antibody (Tat1) diluted 1:50 as primary antibodies
Table 1. S.pombe strains used in this study
Strain Genotype Source
FY367 h
+ leu1-32 ura4-D18 ade6-M210 Ekwall et al. (24)
FY375 h
+ Ch16 LEU2
+::ade6
+-TEL leu1-32 ura4-DS/E ade6-M210 Allshire et al. (47)
FY412 h
+ cc2(SphI)::ura4
+ leu1-32, ura4-DS/E, ade6-M210 Allshire et al. (47)
FY1180 h
+ otr1R(SphI)::ade6
+ leu1-32 ura4-D18 ade6-M210 Allshire et al. (47)
Hu15 h
90 mat3-M::ade6
+ ura4-D18 ade6-210 This study
Hu22 h
+ hrp1::ura4
+ otr1R(SphI)::ade6
+ leu1-32 ura4-D18 ade6-210 This study
Hu26 h
+ hrp1::ura4
+ Ch16 LEU2
+::ade6
+-TEL leu1-32 ura4-DS/E ade6-M210 This study
Hu33 h
90 hrp1::ura4
+ mat3::ade6
+ ura4-D18 ade6-210 This study
Hu61 h
+ hrp1::ura4
+ otr1R(SphI)::ade6
+ leu1-32 ura4-D18 ade6-DN/N This study
Hu393 h
+ leu1/Ylp2.4pUCura4
+-7 leu1-32 ura4-DS/E ade6-M216 Bjerling et al. (55)
Hu465 h
  hrp1::leu2 leu1-32 ura4DS/E adeM210 This study
Hu466 h
+ hrp1::LEU2
+ leu1/YIp2.4 pUCura4
+-7 leu1-32 ura4DS/E ade6-M210 This study
Hu584 h
  hrp1::LEU2
+ cc2(SphI)::ura4
+ leu1-32, ura4-DS/E, ade6-M210 This study
Hu602 h
+ hrp3::LEU2
+ otr1R(SphI)::ade6
+ leu1-32 ura4-D18 ade6-DN/N This study
Hu615 h
+ hrp1-HA::kanMX6 leu1-32 ura4-D18 ade6-M210 This study
Hu659 h
  dcr::kanMX6 leu1-32ura4-D18 ade6-M210 Provost et al. (17)
Hu721 h
+ TM1::ade6 ade6 DNcoI mis6-302(ts) ura4DS/E This study
Hu764 h
+ hrp1-myc::kanMX6 leu1-32ura4-D18 ade6-M210 This study
Hu1121 h
+ hrp1::LEU2 dcr1::kanMX6 leu1-32ura4-D18 ade6-M210 This study
Hu1176 hrp1::leu2 ams2::ura4 leu1-32 ura4DS/E adeM210 This study
Hu1181 h
  hrp1::leu2 mis6-302(ts) leu1-32 ura4DS/E adeM210 This study
Sp45 h
  ams2::ura4 leu1 ura4 K. Takahashi
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S.pombecells weresynchronizedbycellsizeselection using
D-Lactose gradients, in combination with hydroxyurea (HU)
arrest. A total of 1 · 10
10 mid-log phase cells were harvested
and resuspended in 18 ml YES media. After the cells were
shaken vigorously for 1 min, 3 ml of the cells were carefully
applied to 50 ml D-Lactose gradients. The 20% D-Lactose
gradients were created by freezing the solutions at  80 C
overnight, followed by thawing at room temperature and equi-
librated at 33 C for 1 h. Next, the cells were applied onto the
gradient and centrifuged for 8 min, at 33 C in a swing out
rotor. Immediately after centrifugation, 10 ml of small-sized
cells were collected from the mid-zone of the gradient using
a ﬂat 10 ml pipette tip. The cells were pooled, resuspended in
3 ml, vortexed, loaded on a second gradient and the centrifu-
gation step was repeated. The cells were pooled again, sus-
pended into YES media containing 12 mM HU. Hundred and
twenty minutes after the second gradient, the cells were col-
lected and washed two times in phosphate-buffered saline
and half of the cells were resuspended of YES media without
HU and incubated for 1 h. The two batches of cells were sub-
sequently used in a combined IF and FISH experiment. The
FISH experiment was carried out as described previously (45).
An aliquot of 1 mgo fimr/otr probe DNA was incubated with a
dNTP mixture containing 1 mM DIG-dUTP, 10 U of DNA
polymerase, 1 ml DNase I diluted 1:50, for 90 min at 15 C
according to the protocol. Cells were then pre-stained accord-
ing to the protocol (see above). An aliquot of 4 ml of the probe
in hybridization mixture was added to 1 · 10
7 cells. Fluores-
cein isothiocyanate-conjugated a-DIG antibody (Sheep) was
used for visualization of the probe. The immunostained cells
were visualized with a Zeiss Axioskop 2 imaging microscope
and a Hamamatsu C4742-95 CCD camera. All images are
deconvolved with the nearest-neighbor deconvolution algo-
rithm and 0.2 mm in Z-steps, using Openlab 3 digital decon-
volution software (Improvision).
Chromatin immunoprecipitation (ChIP)
ChIP assay was performed as described previously (24) with
some modiﬁcations. The cell extract was resuspended and
sonicated using a microtip in a Branson 200 sonicator on ice,
for 1 min, 50% duty cycle, three times. An aliquot of 1 ml
of antibody 9E10 a-myc (Sigma), 12CA5 a-HA (Sigma),
a-acetylated isoforms of H4 and a-H3 (Upstate Biotechno-
logy), and 2.5 ml of sheep a-Cnp1 (B. Mellone and R. Allshire,
unpublished data) were used for precipitation of the respective
crosslinked proteins. The washing of the protein-A beads was
repeated two times with 140 mM NaCl lysis buffer, once with
500 mM NaCl lysis buffer [50 mM HEPES-KOH, pH 7.5, 1%
Triton X-100, 0.1% (w/v) sodium deoxycholate, 1 mM EDTA
and 500 mM NaCl], once with wash buffer [10 mM Tris–HCl,
pH 8.0, 1 mM EDTA, 0.5% (w/v) sodium deoxycholate, 0.5%
NP-40 and 0.25 M LiCl] and once with TE buffer (1 mM
EDTA, 10 mM Tris–HCl, pH 8.0). Finally, the ChIP DNA
was quantiﬁed by duplex PCR, where two primer pairs, one
primer pair for the locus of interest and one primer pair for a
control locus, were used for every reaction. The Glutamyl
tRNA synthetase gene was chosen as a control gene because
it was expressed at moderate levels and is not affected by
meiosis, cell cycle or environmental stress. Between 3 and
8 ml of precipitated DNA was ampliﬁed in a standard PCR
for quantiﬁcation, and input was diluted so that the PCR
ampliﬁcation was in the linear range.
32P labeled PCR products were separated on 4% polyacryl-
amide gels, visualized using Fujiﬁlm PhosphoImager
FLA3000 and quantiﬁed with Fujiﬁlm Image gauge software.
RT–PCR
Total RNA was extracted using Qiagens RNeasy extraction kit
(Qiagen). Puriﬁed RNA was reversed transcribed using Super-
Script  First-Strand Synthesis System for RT–PCR, follow-
ing the manufacture’s instructions (Invitrogen). cDNA was
ampliﬁed with tRNA synthetase, dgIII or imrIII primers and
PCRproductswere separatedon1.5%agarose gelsandstained
with ethidium bromide or SYBR green (Invitrogen). Quanti-
ﬁcation of the bands was performed using Fujiﬁlm Image
Gauge software.
Micrococcal nuclease (MNase) assay
MNase assay was performed as previously been described
with some modiﬁcations (46). An aliquot of 1 mg/ml of
Zymolyase 100-T was used for digestion of cell walls with
a concentration of 2 · 10
8 cells/ml for 30 min with vigorous
shaking at 37 C. MNase was used at 0, 25, 50, 100, 200, 300
and 500 U/ml to digest the DNA, for 5 min at 36 C. An aliquot
of 3 ml of 10 mg/ml proteinase K was added to the digested
samples and incubated overnight at 56 C. Next, the samples
were phenol/chloroform puriﬁed and EtOH precipitated. The
MNase-digested samples were separated on 1.5% agarose gels
and analyzed using Southern blot.
RESULTS
The hrp1D mutant alleviates silencing at the centromere
and the mating-type region
Previous studies have suggested that the hrp1 paralog in ﬁs-
sion yeast, hrp3, was involved in mating-type silencing (40).
These ﬁndings prompted us to investigate whether hrp1 has a
role in transcriptional silencing. The hrp1D mutation was
combined with marker genes integrated into the different het-
erochromatin regions in S.pombe, the mating-type region
(mat3-M::ade6
+), the telomere (tel::ade6
+), the rDNA region
(rDNA::ura4
+) the outer repetitive domains of centromere
1( otr1R::ade6
+) and the central core of centromere 2
(cnt2::ura4
+). Transcriptional silencing assays were carried
out (Figure 1). In general, wild-type cells (wt) with marker
genes inserted into heterochromatin regions grow poorly on
selective plates, whereas mutants causing derepressing of het-
erochromatin grow better compared with wild type. It was
clear that the hrp1D mutant alleviated mat3-M::ade6
+ silen-
cing, since the hrp1D colonies grew better than the wt colonies
on  ade plates (Figure 1A). In contrast, telomeric silencing
was increased in hrp1D as compared with wt, and rDNA
silencing was unaffected by hrp1D (Figure 1B and C). The
strongest silencing defects of hrp1D cells were observed at
the centromeric insertions otr1R::ade6
+ and cnt2::ura4
+.
hrp1D cells with the otr1R::ade6
+ insertion grew well on
 ade plates, whereas wt cells with the same insertion barely
grew at all (Figure 1D). Growth of hrp1D cells with the
2870 Nucleic Acids Research, 2005, Vol. 33, No. 9cnt2::ura4
+ insertion was completely inhibited by the FOA
(ura4
+ counter-selection), while wt cells grew well on FOA
(Figure 1E). Thus, we concluded from these results that Hrp1
is required for transcriptional silencing of the central core
and outer repeat regions of the centromere as well as the
mating-type region.
hrp mutants display chromosome segregation defects
A common feature of mutants that alleviate centromeric silen-
cing is the defects in chromosome segregation manifested as
elevated chromosome loss and hypersensitivity to the micro-
tubuli destabilizing drug TBZ (13,47). To investigate putative
mitotic functions of Hrp1 and Hrp3, a TBZ sensitivity assay
Figure 1. Thehrp1Dmutantalleviatessilencingatthemating-typeregion,outerrepeatsandcentralcoreofthecentromere.Cellsuspensionsofwtandhrp1Dstrains
were 5-fold serially diluted and spotted on selective ( ura or  ade) or counter-selective plates (FOA) as indicated. The plates were incubated at 30 C for 3 days.
(A) Silencing in the mating-type region (mat3-M::ade6
+) was assayed in the Hu15 (wt) and Hu33 (hrp1D) strains. (B) Silencing at the telomeres (tel::ade6
+) was
assayedintheFY375(wt)andHu26(hrp1D)strains.(C)SilencingattherDNA(rDNA::ura4
+)wasassayedintheHu393(wt)andHu466(hrp1D)strains.(D)Left:
schematic diagram of the otr1R::ade6
+ insertion in centromere 1; right: silencing at the dg-dh repeats (otr1R::ade6
+) was assayed in the FY1180 (wt) and Hu22
(hrp1D) strains.(E) Top: schematic diagramof the cen2::ura4
+ insertionin centromere2; bottom: silencing at the central core of the centromere (cen2::ura4
+) was
assayed in the FY412 (wt) and Hu584 (hrp1D) strains.
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tolerated up to 15 mg/ml of TBZ (Figure 2A). In contrast,
both of the single mutants were hypersensitive to this concen-
tration of TBZ, showing a 5- to 25-fold growth reduction
compared with wt. Interestingly, the hrp1D hrp3D double mut-
ant displayed an additive increase in sensitivity to TBZ as
compared with the single mutants, indicating that Hrp1 and
Hrp3 have distinct functions in chromosome segregation.
It is known that other CHD family of proteins act in
multi-protein complexes together with HDACs (34–36). To
investigate whether Hrp1 and Hrp3 are involved in HDAC-
dependent processes, hrp1D and hrp3D mutant strains were
assayed sensitivity to the HDAC inhibitor TSA (Figure 2B). In
cultures without TSA, the hrp1D cells grew slightly faster than
wt cells as reported previously (48). However, hrp3D mutant
cells showed a growth defect that was partially restored in the
hrp1D hrp3D double mutant. In media containing 200 nM
TSA, the growth of hrp single mutant cells were indistinguish-
able from wtcells. However,growthofthe double mutant cells
was completely inhibited by TSA. This indicated that both
Hrp1 and Hrp3 are involved in HDAC-dependent processes
via different pathways.
To further investigate the mitotic defects of hrp mutants and
the relationship between Hrp1 and Hrp3 and HDACs, we used
IF microscopy to analyze mitotic cells. Cells, wild-type, single
and double mutants of hrp1D and hrp3D were grown at 30 C
with and without TSA and subjected to IF using the a-tubulin
antibody, Tat1, to visualize microtubules and DAPI to detect
the chromosomalDNA.Late anaphase cells with longspindles
(>5 mm) were analyzed for chromosome segregation defects
(n = 160). The hrp1D cells displayed 15% lagging chromo-
somes (n = 270), hrp3D mutant 9% (n = 218) and the double
mutants 25% (n = 162) of lagging chromosomes in cultures
without TSA (Figure 2C, black bars). Both hrp1D and hrp3D
single mutants displayed lagging chromosome frequencies
signiﬁcantly different from wt cells (Chi-square test;
P < 0.05) (Figure 2C). The 25% lagging chromosomes detec-
ted in the double mutant relative to the single mutants was
statistically signiﬁcant (Chi-square test; P < 0.05) reinforc-
ing the idea that Hrp1 and Hrp3 have distinct functions in
the chromosome segregation process. To test whether the
observed TSA sensitivity of hrp mutants was due to a cooper-
ative function with HDACs in chromosome segregation, the
effect of TSA on the lagging chromosome phenotypes was
investigated. Cells incultures grown in100 nM TSAdisplayed
amarkedincreaseofdefectiveanaphases.Atotalof13%ofthe
TSA-treated wt cells (n = 45), 33% of hrp1D cells (n = 212)
and 30% of the hrp3D cells (n = 82) displayed lagging chro-
mosomes (Figure 2C, gray bars). In the strain where both
hrp1D and hrp3D were deleted, 35% lagging chromosomes
were detected (n = 190). The elevated chromosome loss in
TSA in the hrp mutants compared with wt was statistically
signiﬁcant (Chi-square test; P < 0.05). Hence, these results
were consistent with the previous ﬁndings, suggesting an
interplay between Hrp1, Hrp3 and HDACs in chromosome
segregation.
Further examination of the IF samples revealed that hrp1D
single and hrp1D hrp3D double mutants cells showed elevated
numbers of asymmetric segregation (large and small nuclei)
in late anaphase cells. The asymmetric segregation of nuclei
is typical of central core/kinetochore defects and has been
observed in several mis mutants (6,7,9). We found that
<0.1% of the wt cells (n = 203) and hrp3D cells (n = 261)
displayed asymmetric segregation of nuclei. In contrast, 2.1%
of the hrp1D single mutants (n = 345) and 1.8% of the hrp1D
hrp3D double mutant cells (n = 323) displayed statistically
signiﬁcant (Chi-square test; P < 0.05), unequal mitotic
segregation events (Figure 2D). Importantly, hrp3D cells
did not show asymmetric segregation of nuclei. This indicated
that Hrp1 has a specialized role (not shared by Hrp3) in chro-
mosome segregation, which is consistent with defects in the
central core/kinetochore structure.
The hrp1D mutation causes elevated histone H4
acetylationlevelsandreducedSpCENP-ACnp1levelsat
the central core region
To expand on the specialized role of Hrp1 in the central core
region, we investigated the chromatin modiﬁcations and his-
tone variants in this chromosomal region by ChIP analysis.
First, we used antibodies against histone H4 acetylated at
lysine 8 (H4K8ac) or histone H4 lysine 12 (H4K12ac) for
ChIP. The cnt1 locus was used for duplex PCR quantiﬁcation
of acetylated H4 histones together with the tRNA synthetase
control. In wt cells, the acetylation levels of cnt1 were gener-
ally low: 0.27 for H4K8ac and 0.15 for H4K12ac (Figure 3A).
In contrast, the hrp1D cells had signiﬁcantly increased H4
acetylation levels at the central core of the centromere (paired
t-test, P < 0.05). The acetylation levels in hrp1D were 2-fold
increased (from 0.27 to 0.60) for H4K8ac and also for
H4K12ac (from 0.15 to 0.30). Hence, these results suggested
that that Hrp1 is important to prevent acetylation of histone
H4 at the central core region of the centromere.
Next, we performed ChIP analysis of the histone H3 variant
Cnp1 (SpCENP-A) in wt and hrp1D cells. Loss of CENP-A
from the central core region in mis mutants has previously
been shown to correlate well with an increase of histone H3
(9). This indicates that Cnp1 in wt cells replaces H3 in the
central core region. Therefore, we used both a-Cnp1 and a-H3
speciﬁc antibodies for ChIP. Competitive PCR was used to
determine the amount of Cnp1 or H3 binding to the central
core in wt and hrp1D cells. The ﬁrst primer was common for
both reactions and anneals upstream of the ura4
+ control gene.
The other two primers were speciﬁc for the central core of the
centromere (cnt2) or the ura4
+ endogenous locus. The ChIP
experiment showed 6.7-fold enrichment for Cnp1 at cnt2 as
compared with ura4
+ control gene (Figure 3B). There was a 4-
fold reduction of Cnp1 at cnt2 in hrp1D cells, whereas Cnp1
levels in hrp3D remained relatively unchanged. Importantly,
there was an increase in histone H3 at cnt2 in hrp1D cells
(0.71) as compared with wt cells (0.42) correlating well with
the decrease in Cnp1 in hrp1D cells. Again the H3 levels in
hrp3D remained relatively unchanged. Hence, we concluded
from this that Hrp1 has a specialized role (not shared with
Hrp3) in promoting the stable association of Cnp1 and thereby
reducing the histone H3 levels in nucleosomes of the central
core region.
Todetermine whetherhrp1genetically interacted with other
pathways involved in Cnp1 loading, the hrp1D mutation was
combined with the temperature-sensitive mis6-302 mutation
(7) and with the ams2D mutation (12). Growth of single and
double mutants was assayed at 25 C and at 30 C for 4 days.
2872 Nucleic Acids Research, 2005, Vol. 33, No. 9Figure 2. The hrp1D and hrp3D mutants are TBZ and TSA sensitive and display different chromosome segregation defects. (A) A spotting assay showing TBZ
sensitivityofthehrp1Dandhrp3Dsingleanddoublemutants.Cellswere5-foldseriallydilutedandspottedonYEAplateswithandwithout15mg/mlTBZ.Theplates
wereincubatedat30 Cfor3days.StrainswereFY1180(wt)Hu61(hrp1D),Hu602(hrp3D)andHu603(hrp1Dhrp3D).(B)GrowthcurvesshowingTSAsensitivity
of wt (blue line), hrp1D (green line), hrp3D (black line) and hrp1D hrp3D double mutants (red line). Log phase cells grown in YEA were inoculated to a final
concentrationof5 · 10
5cells/mlinYESmediawithoutTSA(leftpanel)andwithmediacontaining200nMTSA(rightpanel).Growthwasmonitoredmeasuringthe
optical density at 595 nm (OD595) for 64 h. Strains were Fy367 (wt) Hu61 (hrp1D), Hu602 (hrp3D) and Hu603 (hrp1D hrp3D). (C) Left, IF micrographs showing a
representative cells in anaphase. The wt cell shows normal segregation and the hrp1D cell shows a lagging chromosome (arrow). Right: a bar diagram showing the
percentages of wt and hrp mutant cells that displayed lagging chromosomes. Cells were grown at 18 C without TSA (black bars) and at 30 C in media containing
100 nM TSA (grey bars) prior to fixation. Strains were Fy367 (wt) Hu61 (hrp1D), Hu602 (hrp3D) and Hu603 (hrp1D hrp3D). (D) The hrp1D mutant and the hrp1D
hrp3Ddoublemutantdisplayasymmetricsegregationofnuclei.Left,anIFmicrographofanhrp1Dcellwithasymmetricnuclei.Right:abardiagramthatshowsthe
percentages of wt and hrp mutant cells that display asymmetric segregation of nuclei. (C and D) The TAT1 antibody (red) was used for tubulin staining and DAPI
(green) for staining DNA. Size bar = 5 mm.
Nucleic Acids Research, 2005, Vol. 33, No. 9 2873Figure 3. The hrp1D mutant has elevated histone H4 acetylation levels, reduced levels of Cnp1 (SpCENP-A) in chromatin of the central core region, and it shows
synthetic growthdefects with mis6-302.( A) Quantitative PCR (
32P images)analyses of ChIP samples. For each experiment,the normalized competitivePCR input
ratios (IN), the mean ratio values and the SD is indicated below the lanes. The experiments were performed in duplicates or triplicates and both results were
statistically significant (P < 0.05, independent sample t-test). a-H4K8ac and a-H4K12ac antibodies were used to measure H4K8 and H4K12 acetylation levels at
cnt1inwtandhrp1DcellswiththeglutamyltRNAsynthetasegeneasacontrol.StrainswereFY412(wt)andHu584(hrp1D).(B)QuantitativePCRofChIPsamples.
a-Cnp1 and a-H3 antibodies were used to determine Cnp1 and H3 levels, respectively, at cnt1 in wt and hrp1D cells. Strains were FY412 (wt) and Hu61 (hrp1D).
(C) A spotting assay showing hrp1 genetically interacts with other genes important for Cnp1 loading.hrp1D, mis6-302, ams2D single and double mutant cells were
seriallydiluted,spottedontoYESplatesandincubatedfor3daysat25or30 Casindicated.StrainswereHu721(mis6-302),Sp45(ams2D),Hu465(hrp1D),Hu1181
(hrp1Dmis6-302) andHu1176(hrp1Dams2D).(D)Centralcorestructureisnotalteredinthe hrp1Dmutant.MNaseassayofwtandhrp1Dchromatinextracts.Top:
ethidium bromide (EtBr) stained gel with partially digested chromatin samples 0, 25, 50, 100, 200, 300 and 500 U MNase. Bottom: a Southern blot of the same gel
hybridized with a [
32P]labeled cnt2 probe. (E) Picture of RT–PCR products from cDNA samples to investigate a putative termination defect of hrp1D in dg-dh
transcription. Top: schematic diagram of centromere3. The position of the dhIII and imrIII primers used RT–PCR are indicated. Bottom: dhIII and imrIII RT–PCR
analysis of dcr1D, hrp1D and hrp1D dcr1D mutant cells (as indicated). Primers for the tRNA synthetase gene were used as a control. Strains were Fy367 (wt), Hu61
(hrp1D), Hu659 (dcr1D) and Hu1121 (hrp1D dcr1D).
2874 Nucleic Acids Research, 2005, Vol. 33, No. 9The mis6-302 hrp1D double mutant had a reduced growth at
30 Cascomparedwith themis6-302andhrp1Dsinglemutants
(Figure 3C). The ams2D hrp1D double mutant as well as the
single mutants grew. Therefore, these results suggested that
Hrp1 is involved in a pathway distinct from Mis6 and since no
additive growth defects were seen in ams2D hrp1D it is likely
that Hrp1 acts in the Ams2 pathway.
It is known that the central core region has a specialized
chromatin structure that can be detected as a smear-like
digestion pattern in MNase assays (49). In mutants where
Cnp1 levels are low, the smear-like digestion pattern is gen-
erally changed into a regular digestion pattern consistent with
a nucleosome ladder (6,7,9). Therefore, we carried out MNase
assays on wild-type and hrp1D mutant cells (Figure 3D). Sur-
prisingly, no extensive differences were observed in MNase
digestion pattern at cnt2 in hrp1D mutant cells as compared
with wt cells. Thus, this ﬁnding indicated that the residual
Cnp1 levels in hrp1D mutant cells are sufﬁcient to form the
specialized chromatin structure at cnt2.
hrp1 has previously been isolated in a genetic screen for
strains defective in transcriptional termination (50). It was
shown that the hrp1 mutation causes read through of the
ura4 transcriptional terminator.Thecentromericdg-dhrepeats
are transcribed in both directions and the transcripts are pro-
cessed by Dicer (Dcr1) and the RNAi machinery to direct
heterochromatin formation over the dg-dh repeats (18). There-
fore, it is possible that a putative defective termination of dg-
dh transcripts caused by hrp1 mutation would lead to tran-
scriptional read through into the central core region and
thereby disturbingchromatinassembly. Totestthispossibility,
a transcriptional termination assay was performed. Puriﬁed
total RNA from wt, hrp1D, dcr1D and the hrp1D dcr1D double
mutant cells was used in an RT–PCR assay to analyze tran-
scripts in dg-dh repeats (dhIII) and the inner repeats (imrIII)o f
centromere 3. dhIII transcripts were detectable in hrp1D dcr1D
and dcr1D cells, but not in the wild-type and hrp1D cells
(Figure 4E). The dhIII transcripts were more abundant in
hrp1D dcr1D cells than in dcr1D cells consistent with the
reduced silencing observed at dg-dh in hrp1D (Figure 1E).
If transcripts read through in hrp1D from dh-dg into the central
core region, then they should be readily detectable in the
intervening imrIII region. However, imrIII transcripts were
not observed in hrp1D cells. From these results, we concluded
that the hrp1D mutant does not cause read through of dg-dh
transcripts into the central core region.
Hrp1 is present at the centromere in a cell
cycle-dependent manner
To determine whether Hrp1 was directly interacting with the
centromere, a ChIP experiment was performed with cell
cultures expressing the Hrp1-HA epitope-tagged protein.
The ChIP samples were quantiﬁed using duplex PCR with
primers speciﬁc for the central core 1 (cnt1), dg-dh repeats
of the centromere 1 (dg1) and an internal control (Figure 4A).
Hrp1-HA enriched both central core (2.3-fold) and the outer
repetitive regions (8.0-fold). This demonstrated that Hrp1 dir-
ectly interacts with both regions of the centromere.
To test whether Hrp1 was associated with centromeres at all
stages ofthe cellcycle, cells expressingthe Hrp1-myc epitope-
tagged protein were processed for IF and then subjected to
FISH using a centromere-speciﬁc probe (pRS140). Mononuc-
leated and binucleated cells were analyzed for co-localization
of Hrp1-myc to the centromere using deconvolution micro-
scopy (Figure 4B). A high proportion (88%) of the binucleated
cells (n = 100) displayed an (yellow) overlapping signal with
Hrp1-myc (red) and the pRS140 probe (green). In contrast,
only 31% of the mononucleated cells (n = 100) showed
co-localization of Hrp1-myc and cen-FISH signals. The fre-
quencies were statistically signiﬁcantly different from wt cells
if the co-localization was the same in binucleated and mono-
nucleated cells (Chi-square, P < 0.001). Binucleated ﬁssion
yeast cells are known to undergo G1/S stages of the cell
cycle. Thus, this analysis suggested that Hrp1 periodically
associates with the centromere during these stages.
To conﬁrm the cell cycle-dependent localization of Hrp1 to
the centromere, logarithmic growth phase cells expressing
Hrp1-myc were synchronized using a two-step approach. In
the ﬁrst step, the small-sized cells (in early G2 phase) were
collected in two consecutive lactose gradients. In the next step,
the cells were transferred to media containing the DNA syn-
thesis inhibitor HU to arrest the cells in G1/S-phase. Half of
the cells were collected, and the other half was released from
the HU arrest prior to ChIP for Hrp1-myc. The ChIP samples
revealed a substantial enrichment for Hrp1-myc at outer
repeats (dg1) and the central core (cnt1) in HU arrested
cells, but this enrichment disappeared after 1 h release (Figure
4C). Hrp1-myc protein levels were unchanged at different
stages of the cell cycle as judged by IF (Figure 4B), and
Hrp1 mRNA levels are known to be constant during the
cell cycle (51). The ﬁssion yeast central core region (cnt1)
is known to replicate early in S-phase and to be replicated
already at the HU arrest point (52). Thus, this result indicated
that Hrp1 is associated with the central core region at the stage
when DNA replication occurs.
DISCUSSION
SpecializedandoverlappingfunctionsofHrp1andHrp3
Our results demonstrate that the hrp1D deletion mutant causes
a strong alleviation of transcriptional silencing in the central
core region of the centromere and that Hrp1 is associated with
this region of the centromere by ChIP. In contrast, the hrp3D
mutant has no effect on central core silencing and was not
associated with the central core region by ChIP (40). We show
that hrp3D has no effect on Cnp1 (SpCENP-A) levels in the
central coreregion,whereashrp1Dshowsastrongreduction of
Cnp1 levels. In addition, the chromosome segregation defects
observed in hrp1D (unequal segregation) are consistent with a
defect in the central core region. Such defects were not
observed in hrp3D and were not increased in hrp1D hrp3D
double mutant as compared with hrp1D single mutant. These
ﬁndings indicate that out of the two closely related (52%
identical) CHD paralogs, Hrp1 has a unique role in the central
core region. In budding yeast, there is a single CHD protein
with no role at centromeres (Chd1), and in humans there are
four related CHD proteins, of which CHD3 and CHD4 are part
of the Mi2 (35,53) complex known to be associated with
centromeres (37,38). Phylogenetic analysis indicated that
hrp1 and hrp3 genes were duplicated in ﬁssion yeast after
the divergence of budding and ﬁssion yeasts (40). Duplicated
Nucleic Acids Research, 2005, Vol. 33, No. 9 2875loci often diverge both in sequence and function. Therefore, it
seems logical that the two ﬁssionyeast hrp genes have evolved
novel specialized functions, such as the role of Hrp1 in the
central core region. We found that hrp1 and hrp3 mutants had
additive effects on TBZ sensitivity and lagging chromosome
phenotypes (Figure 2). Another shared function of Hrp1 and
Hrp3 is silencing of mat2/3 (40). Thus, our ﬁndings are con-
sistent with the idea that Hrp1 has evolved a specialized role at
central core region of the centromere, but Hrp1 and Hrp3 still
have some shared functions in sister–chromatid cohesion and
mat2/3 silencing.
A link between CENP-A loading and histone
deacetylation
Interestingly, the reduced Cnp1 levels and increased histone
H3 levels observed in hrp1D correlated with increased histone
H4 acetylation levels (Figure 3A and B). A similar increase in
Figure 4. Hrp1 directly binds to the centromere in a periodic, cell cycle-dependent manner. (A) An EtBr-stained gel with PCR products from ChIP with Hrp1-HA.
Thea-HAantibodywasusedforprecipitatingepitope-taggedHrp1-HAinanasynchronouscellculture.cnt1,dg1andtRNAsynthetase(control)primerswereusedin
the duplex PCR for quantification of Hrp1-HA binding. The strain was Hu615. (B) Left: an IF image with Hrp1-myc (red), combined with FISH using pRS140
centromereprobe(green). Overlappingsignals,indicatingco-localization betweenHrp1-myc andthecen-FISHsignal,is visualizedby a yellowsignal.Right: a bar
diagram showing the percentages of mononucleated and binucleated cells,in which Hrp1-mycsignals co-localizedwith the cen-FISH signal. Size bar = 5 mm. The
strainwasHu764.(C)AnEtBr-stainedgelofPCRquantifiedproductsfromChIPofsynchronizedcells.HalfofthecellswerecollectedimmediatelyafterHUarrest,
the other half were washed and transferred to fresh media without HU and grown 1 h before harvest, and both cell batches were subjected to ChIP. The strain was
Hu615 (Hrp1-HA).
2876 Nucleic Acids Research, 2005, Vol. 33, No. 9acetylation and loss of Cnp1 was also observed in mis16 and
mis18 mutants, and Mis16 is 53% identical to RpAp48, a
known component of HDAC complexes (9). The HDACs
acting at central core could be Clr3 or Sir2 since both have
been shown to be associated with DNA of the central core
region in ChIP assays [(54), M. Wire ´n, I. Sinha, R.A. Silver-
stein, J. Walfridsson, H.-M. Lee, P. Laurenson, L. Pillus,
D. Robyr, M. Grunstein and K. Ekwall, manuscript submitted]
and Clr3-myc co-localizes with centromeres by FISH analysis
(55). Furthermore, histone acetylation levels are high in
sir2 and clr3 mutants (M. Wire ´n, I. Sinha, R.A. Silverstein,
J. Walfridsson, H.-M. Lee, P. Laurenson, L. Pillus, D. Robyr,
M. Grunstein and K. Ekwall, manuscript submitted). We
speculate that Hrp1 could promote the activity of these
HDACs. Another possibility is that Hrp1 counteracts the
Mst1 histone H4 acetyl-transferase activity reported to act
in the central core region (56). Our ﬁnding that chromosome
segregation defects of hrp1 are additive with the HDAC inhib-
itor TSA (Figure 2) are consistent with such models, since it
suggests that Hrp1 acts in parallel with HDACs. The Mi2
complex consists of CHD3 CHD4 remodeling factors,
RpAp46, RpAp48, HDAC1/2 and other proteins (34–36). In
experiments in vitro with the Mi2 complex and chromatin
templates, it was shown that ATP-dependent remodeling by
Mi2 was required for a subsequent histone deacetylation step.
Therefore, it is conceivable that remodeling by Hrp1 has
to precede histone deacetylation in the central core region.
Whether Mis16 (like its homolog RpAp48) is part of an
HDAC complex possibly including Clr3 or Sir2, which
acts in the central core region, remains to be tested but we
speculate that such activity, necessary for Cnp1 loading, could
be aided by Hrp1.
Hrp1 localizes to the centromere at the G1/S stages of
the cell cycle
Hrp1 is previously known to affect transcriptional termination
(50). To test whether hrp1D indirectly affects centromere
structure/function via transcriptional regulation, we carried
out genome-wide cDNA expression proﬁling of hrp1D versus
wild type. Only  20 genes were 2-fold affected by hrp1D and
none of these is known to affect centromeres (J. Walfridsson,
unpublished data). Another possibility is that Hrp1 has a direct
role in the assembly of centromeric chromatin. Recently, the
Drosophila CHD ortholog (CHD1) was shown to promote
assembly of a regular nucleosome ladder in vitro from
naked DNA and free histones (57). Hrp1 could act similarly
during DNA replication to assemble centromeric chromatin
containing Cnp1. Hrp1 could perhaps directly affect the
exchange of histone H3 with Cnp1 during chromatin assem-
bly. Previously, the SWI/SNF-related remodeling factor
SWR1 was shown to catalyze histone variant exchange
(58), so it is imaginable that CHD remodeling factors also
are able to exchange histone variants. It is likely that the
centromeric assembly function of Hrp1 is linked to DNA
replication. The direct binding to the outer repeats and the
central core of the centromere shown by ChIP (Figure 4) in
HU-arrested cells argues for a direct functioning of Hrp1 at
centromeres during early S-phase when centromeres are
known to replicate (38). The co-localization of Hrp1 with
centromere FISH signals supports a periodic localization to
the centromere and likely represents a cell cycle-dependent
centromere function. The Cnp1 loading factor Ams2 associ-
ates with chromatin only in binucleated cells (12), and Mis16
showsasimilarperiodicnuclear localizationbeingmostprom-
inent after M-phase (i.e. in G1/S) (9). Therefore, it seems as
thoughchromatinassociation of centromeric HDAC activities,
Ams2 and Mis16 activities, all of which contribute to Cnp1
loading, is coordinated during S-phase. The fact that hrp1 and
ams2 do not show additive growth defects (Figure 3C) indic-
ates that they may act in the same pathway. Expression of
Cnp1 mRNA peaks G1/S (6) and centromeres are replicated
early in S-phase and during HU arrest (52). Altogether, these
observations indicate that Hrp1 remodeling histone deacetyla-
tion and Ams2-mediated Cnp1 loading occurs during DNA
replication in ﬁssion yeast.
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